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We report surface potential maps of few layered graphene oxide films on different substrates.
Kelvin probe force microscopy images reveal that the surface potential decreases in steps with
increasing number of layers on the substrate until five layers are reached, where it saturates to a
constant value. This intrinsic behavior is smeared out in the presence of ambient humidity where
the surface potential is shielded by the presence of a thin water layer on the surface. This effect can
be exploited to quickly determine the number of layers of graphene oxide on a substrate. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4773357]
Recent advances in graphene production and the extra-
ordinary electronic,1 mechanical,2 and thermal3 properties
exhibited by this unusual material have made graphene the
most recent endeavour for applications of carbon based
materials in current technology. Its two dimensionalities
make it compatible with existing planar technology; there-
fore, most of the proposed applications involve the use of
few layered thin films. At these very low coverage, interac-
tion with the substrate has been proved to be critical; indeed,
it has been shown that properties such as charge carrier mo-
bility,4 doping level,5 or hydrophobicity6 differ from the
bulk value and depend on the substrate and number of layers
studied.
Among other routes for the production of graphene,
such as mechanical exfoliation of graphite,7 chemical vapor
deposition8 on metals or silicon carbide graphitization,9 the
chemical route based on the oxidation of graphite, and subse-
quent reduction of graphene oxide (GO)10 has important
advantages; its scalability, low price, and high yield of
monolayers (ML) makes the layers such obtained highly
attractive for assembly of structures on different substrates
by cheap solution processes. The result of oxidising graphite,
usually known as GO, are graphene layers decorated with ep-
oxy and hydroxyl groups11 making these layers highly
hydrophilic and water soluble. Although GO layers are elec-
trically insulating, chemical reduction yields a partial recov-
ery of the initial conductivity of graphite12,13 making GO
and its reduced derivative (rGO) suitable for many applica-
tions that include transparent conducting films,14 sensors,15
double layered capacitors, and electrochemistry based devi-
ces.16 For many of these applications, the interaction of GO
with the supporting substrate and with adjacent layers plays
a relevant role in properties such as adhesion, charge trans-
fer, doping level, etc.
Here, we focus on the surface potential behaviour of
graphene sheets obtained via chemical reduction of graphite
oxide on metallic type surfaces. Our results give insights into
the charge exchange and the spatial distribution of charge
carriers in the GO-GO and GO-substrate interfaces. Surface
potential maps on three different substrates (Au, highly or-
dered pyrolytic graphite (HOPG) and highly p-doped Si)
reveal variations of the surface potential as a function of the
number of layers deposited on the substrate; for few layers,
the surface potential decreases in steps as the number of
layers increases and for coverages above five layers, this
behaviour breaks down and the surface potential reaches a
constant value. In contrast to pristine graphene,17,18 we
observe that the high hydrophobicity of these films causes
that for ambient humidity above 30% this intrinsic behav-
iour is smeared out by water shielding of the surface poten-
tial. Finally, we demonstrate that this effect can be exploited
for a fast and non-invasive unequivocal determination of the
number of GO layers on different substrates, which, as
shown here, will be critical for device operation.
GO flakes obtained from NanoInnova Technologies,19
oxidized by Hummer method,20 were adsorbed on Au,
HOPG, and highly p-boron doped Si (111) (see supplemen-
tary information (SI) for a detailed description).30 The sam-
ples so prepared were characterized by atomic force
microscopy21 (AFM) to optimize the density of layers on the
surface (we choose 50% coverage as a convenient figure
for the experiments). In order to access the intrinsic proper-
ties of the surface avoiding the possible presence of adsor-
bates and/or a thin layer of water, if not stated different, all
the measurements shown here were performed in high vac-
uum conditions (pressure 105 mbar) and a sample tempera-
ture of 60 C. Using an AFM in vacuum has the added value
of improving sensitivity.22 For stability and simplicity,
images in vacuum environment were acquired in drive
amplitude modulation mode.23 Typical AFM topographic
images of our samples showed flakes with lateral dimensions
ranging from 5 to 50 lm and heights of 16 0.2 nm, indica-
tive of single layers. Although with this technique the major-
ity of the material obtained are single layers of GO, most of
the large layers (>50 lm2) adsorbed on the surface presented
overlapping regions; this allowed us to easily perform
thickness dependent studies. On these samples, we carried
out simultaneous Kelvin probe force microscopy (KPFM)
measurements to obtain surface potential maps. KPFM is
currently a well established technique to characterize local
surface potential at the nanoscale24 where the tip-sample
electrostatic interaction is minimized by the application
of an appropriated combination of dc and ac bias voltage
during topographic imaging (technical details can be found
in SI).
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Figure 1(a) displays an AFM topographic image of GO
flakes on a gold substrate and panel (b) corresponds to the
surface potential map acquired simultaneously. Already at
first sight, we can appreciate several well distinguished equi-
potential areas, i.e., the brightest region corresponds to the
Au substrate and the darker ones correspond to areas covered
by GO. A representative surface potential profile can be
found in panel (c) (surface potential of the substrate was
established as zero, for reference). Panels (d), (e), (g), and
(h) depict topographic and surface potential maps on Si and
HOPG surfaces. On the three substrates, we observe equipo-
tential zones that by thorough inspection of the topographic
images, we can correlate with areas with different GO cover-
age. A quick analysis of the KPFM maps shows that the sur-
face potential difference between the 3 substrates and the
first GO layer is between 100 and 200mV while surface
potential steps between different layers are few tens of mV.
Further statistical analysis of KPFM images of GO layers on
Au, HOPG, and Si with coexisting low and high coverage
reveals that the drop of surface potential saturates as the
number of layers is increased, reaching a constant value
above 5–7 layers. This is also illustrated in panels (d)–(f) of
Figure 1; panel (d) shows a topographic image of GO on a Si
surface where identification of the number of layers by topo-
graphic means is straight-forward. In this region, we find
areas with coverages of 1, 2, 3, 5, 7, and 9 monolayers by
superposition of different GO flakes. Figure 1(e) displays the
corresponding KPFM image of the same region, where areas
with different coverages can be clearly distinguished. The
profile depicted in panel (f) quantifies the difference in sur-
face potential from layer to layer. While clear steps of sev-
eral tens of millivolts can be measured for less than 5 layers
coverage; for more than 5 layers, this behavior saturates and
the surface potential reaches a constant value independent of
the number of layers. A quantitative summary of our results
is depicted in panel (j) of Figure 1. Surprisingly, we observe
that the difference in surface potential between the substrate
and the first GO layers and the difference between layers are
more sensitive to the level of oxidation of the layers than to
the type of substrate (see Fig. S1 in supplementary informa-
tion for more details).
The reduced form of the described layers was studied
subsequently. Once deposited on the substrates, and charac-
terized as explained above, GO layers were chemically
reduced by thermal annealing of the substrates in high vac-
uum conditions for 1 h at 420 C. These reducing conditions
lead to a conductivity improvement of the layers of more
than three orders of magnitude.25 Comparison of surface
potential maps of the samples, acquired on the same area
before and after chemical reduction (see Figure 2), reveals a
similar behavior of the rGO films as for the GO ones. As
main differences, we found lower steps in surface potential
FIG. 1. (a) AFM topographic image of
GO layers on a gold substrate. Panel (b)
depicts a surface potential map of the
same region where equipotential areas
corresponding to different coverages can
be appreciated. Coverage is marked with
the number of ML on the substrates as n
ML. (c) Profile performed on the surface
potential map following regions with
different coverages (The red line in (b)
indicates schematically the paths fol-
lowed to perform the profile). (d) AFM
topography image and (e) surface poten-
tial map of GO layers on a highly p
doped Silicon substrate. (f) Profile per-
formed on (e) following regions with
different coverage (the red line in (e)
indicates schematically the paths fol-
lowed to perform the profile). (g) AFM
topography image and (h) surface poten-
tial map of GO layers on a HOPG sub-
strate. (i) Profile performed on (h)
following regions with different cover-
ages (the red line in (h) indicates sche-
matically the paths followed to perform
the profile). (j) This graph summarizes
our experimental results: plot of the sur-
face potential difference (in absolute
value) as a function of the number of
monolayers layers of GO flakes on Si
(black), HOPG (red), and gold (green)
substrates.
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with increasing number of layers for the reduced samples,
and also a lower difference between the substrate and the
first rGO layer.
Our results can be understood in terms of charge transfer
between the substrates and the GO layers. The lower surface
potential on GO layers than the substrates is indicative of
electron transfer from the substrates to the GO and rGO
layers, suggesting a smaller charge transfer at the substrate-
rGO interface than for the more oxidized samples due to the
lower presence of oxygen containing groups with high elec-
tron affinity. The reported values of surface potentials steps
are smaller than what could be expected from the work by
Wu et al.26 We attribute this difference to two different
causes: different level of oxidation/reduction of GO and the
anomalous screening effects in GO and RGO; the combina-
tion of extreme thinness of the GO layers and high in-plane
conductivity with low density of charge carriers makes elec-
tric field screening effect in these samples much less effec-
tive than in ideal metals.27 The fact that electric fields
partially penetrate the GO and RGO layers leads to surface
potential values not comparable to that of work functions
reported in literature. The incomplete screening of electric
fields through GO and RGO layers implies that measured
surface potential should also have a contribution from the
substrate, presenting lower differences than that expected if
we consider work function differences. This kind of effects
have been already reported in literature for graphene
obtained by mechanical exfoliation of graphite18 and for that
obtained via Silicon Carbide graphitization.17,28
As mentioned above, all the measurements reported so
far were carried out in high vacuum conditions and elevated
sample temperatures (60 C) with the aim of reducing possi-
ble effects of adsorbates and/or a water layer on the surface
potential that might hinder access to the intrinsic properties
of the thins films (see Figure S2 in SI). In order to evaluate
the influence of environmental conditions, we also per-
formed similar experiments at atmospheric pressure with
variable ambient humidity and sample temperature. Surface
potential maps of the same region under different tempera-
tures and humidity conditions are shown in Figure 3. These
images reveal that the surface potential steps observed in
vacuum conditions and at low humidity smear out as ambient
humidity is increased, suggesting a shielding effect of a thin
layer of water on the surface. Our observation that differen-
ces of surface potential of about 50mV are shielded already
at relative humidity (RH)¼ 30% and T¼ 20 C is compati-
ble with the effect of water on hydrophilic surfaces.29
Finally, we also carried out more conventional electro-
static force microscopy (EFM) measurements, available in
almost every commercial basic AFM set up. EFM maps
were acquired using a two pass mode, usually known as
retrace or lift mode. In this mode, simultaneous topographic
and electrostatic interaction maps are obtained. For the sam-
ples reported here, this method yields qualitative information
(data are shown in SI) similar to KPFM and can be also used
as a fast, contactless, and non invasive characterization pro-
cedure of the coverage of GO films on different substrates.
FIG. 2. (a) AFM topographic image of GO layers on a Si substrate. The upper-right region corresponds to a multilayered region with height of 15 nm (i.e., 12
layers). In the central area, we observe a bilayered GO. Panels (b) and (c) are surface potential maps of the same region as panel (a) acquired before and after
chemical reduction of the GO layers. The profiles shown in panel (d) correspond to the same path on the surface potential before and after reduction. Here, we
observe that the surface potential difference between layers decreases after chemical reduction. The expected saturation behaviour can also be observed for the
12 monolayers layers region.
FIG. 3. (a)–(d) KPFM images of the same region of GO deposited on HOPG
under different environmental conditions. Sample temperature (T) and envi-
ronmental RH are indicated in white in each image. The images are equal-
ized saturating the substrate in order to optimize the visual discrimination of
layers when possible. The red line indicates schematically the paths fol-
lowed to perform the profiles shown in panel (e). The paths followed are the
same in the four images. In the profiles depicted in panel (e), we can observe
how the surface potential smears out with increasing relative humidity. At
30%, humidity changes in the surface potential can hardly be appreciated.
263109-3 Jaafar et al. Appl. Phys. Lett. 101, 263109 (2012)
In summary, KPFM maps of GO thin films on different
substrates demonstrate a coverage dependent surface poten-
tial; the surface potential decreases in steps with increasing
number of layers until five layers are reached; at this cover-
age, the surface potential saturates to a constant value. The
situation is similar for its conducting counterpart, rGO, but
with smaller potential steps between layers. These results evi-
dence electron transfer from metallic-type substrates to GO
layers and reveal that singular screening effects are present in
few layered graphene oxide thin films. This intrinsic behavior
is smeared out in the presence of ambient humidity were the
surface potential is shielded by the presence of a thin water
layer on the surface. We also demonstrate that this effect can
be exploited to quickly determine the number of layers of GO
on a substrate with a fast and simple EFM technique. The
reported changes in surface potential as well as the effect of
environment can help to characterize future device perform-
ance in a quick and simple manner.
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